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The  correlation  between  membrane  surface  morphology  and  fuel  cell  performance  was  investigated  using 
a  series  of  hydrophilic-hydrophobic  multiblock  copolymers  based  on  poly(arylene  ether  sulfone)  with  dif¬ 
ferent  block  lengths.  The  proton  conductive  regions  on  the  membrane  surface  were  successfully  observed 
by  using  electrochemical  atomic  force  microscopy  (e-AFM).  The  results  revealed  a  strong  dependence  of 
the  hydrophilic/hydrophobic  microphase-separated  structure  on  the  block  length.  The  conductive  area 
ratio  (CAR)  estimated  from  the  proton  conduction  image  decreased  as  the  block  length  increased,  and  it 
was  found  to  be  closely  connected  with  cell  resistance  that  determines  fuel  cell  performance.  The  well- 
defined  phase-separated  structure  of  multiblock  copolymers  can  improve  proton  conductivity  without 
any  undesirable  increments  in  water  uptake  or  swelling,  but  in  some  instances,  it  affects  the  interfacial 
connection  with  the  catalyst  layer,  resulting  in  lower  fuel  cell  performance.  The  results  of  this  study  sug¬ 
gest  the  necessity  for  further  improvement  of  the  membrane  morphology  by  optimizing  both  the  casting 
conditions  and  the  molecular  design  of  the  block  sequences. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  attracted  much  attention  as  promising  alterna¬ 
tive  power  generators  owing  to  their  advantages  of  high  energy 
efficiency,  noiseless  operation,  and  environmental  friendliness  as 
compared  with  present  energy  sources.  Among  the  various  types 
of  fuel  cells,  polymer  electrolyte  fuel  cells  (PEFCs)  are  expected  to 
be  used  in  many  applications,  such  as  power  sources  for  vehicles, 
residential  co-generation  systems,  and  portable  electronic  devices 
[11- 

Polymer  electrolyte  membranes  (PEMs),  which  are  one  of  the 
most  important  components  of  PEFCs,  have  a  wide  range  of  charac¬ 
teristic  requirements:  high  proton  conductivity  at  low  humidity, 
high  gas  barrier,  and  high  mechanical  and  chemical  stabilities. 
Among  the  various  types  of  PEM,  hydrocarbon-based  (HC-type) 
polymers  have  been  extensively  studied  as  an  alternative  to  Nation, 
which  is  one  of  the  most  widely  used  PEM  materials,  from  the 
viewpoints  of  cost,  environmental  friendliness,  and  stability  at  high 
temperatures  [2,3].  Although  HC-type  membranes  show  excellent 
properties  superior  to  Nation  under  a  fully  hydrated  condition, 
they  have  significantly  lower  proton  conductivity  at  lower  relative 
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humidity  (RH).  Building  multiblock  copolymers  using  various  types 
of  sulfonated  and  non-sulfonated  aromatic  hydrocarbon  monomers 
is  one  approach  that  has  been  studied  to  overcome  this  draw¬ 
back.  Some  improvement  has  been  reported  due  to  the  unique 
hydrophilic/hydrophobic  phase-separated  structure  that  enhances 
the  self-diffusion  coefficient  of  water  and  might  enhance  proton 
and  water  transport  [4-7]. 

The  impact  of  the  monomer  structures  and  the  block  length  on 
the  membrane  morphology  and  properties  has  been  extensively 
reported,  but  the  effect  on  fuel  cell  performance  has  rarely  been 
discussed  in  the  literature.  While  multiblock  copolymers  have  a 
well-ordered  hydrophilic/hydrophobic  phase-separated  structure, 
there  are  considerable  non-conductive  hydrophobic  regions  at  the 
surface  simultaneous  with  the  hydrophilic  proton  conductive  net¬ 
works.  Such  regions  presumably  act  as  barriers  to  the  mass  transfer 
of  protons  and  water  at  the  membrane-catalyst  layer  interface 
in  membrane  electrode  assemblies  (MEAs).  Unfortunately,  their 
unique  surface  and/or  internal  morphologies  observed  by  con¬ 
ventional  atomic  force  microscopy  (AFM),  transmission  electron 
microscopy  (TEM),  and  scanning  electron  microscopy  (SEM)  have 
not  been  correlated  with  proton  conduction  through  the  mem¬ 
brane.  Thus,  a  new  method  is  needed  for  directly  distinguishing 
the  proton  conductive  and  non-conductive  regions  of  the  surface. 
Recently,  we  succeeded  in  simultaneously  observing  the  proton 
conduction  and  surface  morphology  of  PEMs  using  a  unique  method 
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called  e-AFM,  an  AC-mode  AFM  coupled  with  an  electrochem¬ 
ical  technique,  and  proved  the  correlation  between  the  proton 
conductive  areas  and  the  surface  morphology  [8,9].  Using  this 
observation  technique,  we  can  investigate  the  surface  morphology 
and  proton  conductive  and  non-conductive  regions  related  to  the 
phase-separated  surface  structure  of  multiblock  copolymer  mem¬ 
branes. 

This  present  study  focused  on  the  impact  of  the  surface  morphol¬ 
ogy  of  the  segmented  sulfonated  multiblock  copolymer  membranes 
on  fuel  cell  performance.  A  series  of  multiblock  copolymers  with 
different  block  lengths  prepared  separately  were  investigated  by 
using  the  e-AFM  method,  and  the  results  revealed  a  correlation 
between  the  hydrophilic/hydrophobic  phase-separated  surface 
morphology  and  the  proton  conductive/non-conductive  regions.  It 
was  surprisingly  found  that  the  conductive  area  ratio  (CAR)  of  the 
membrane  decreased  with  increasing  block  length.  An  analysis  of 
fuel  cell  performance  also  revealed  that  cell  resistance  increased  as 
the  CAR  decreased,  even  though  there  was  an  increment  in  proton 
conductivity. 

2.  Experimental 

2.1.  Materials  and  membrane  preparation 

A  series  of  multiblock  copolymers  with  disulfonated 
poly(arylene  ether  sulfone)  hydrophilic  blocks  (BPSFI)  and 
unsulfonated  poly(arylene  ether  sulfone)  hydrophobic  blocks 
(BPS),  denoted  as  BPSHx-BPSx  where  x  indicates  the  block  length 
of  both  the  hydrophilic  and  hydrophobic  sequences,  and  a  random 
copolymer  with  BPSFI  and  BPS  were  synthesized  and  identified  as 
reported  before  [6,7,10,11].  Fig.  1  shows  the  chemical  structures 
of  the  copolymers  discussed  in  this  paper.  The  copolymers  in 
potassium  form  were  dissolved  in  NMP  (7wt.%)  and  filtered 
through  a  porous  cellulose  filter  with  a  7-p.m  pore  diameter.  The 
solutions  were  then  cast  onto  clean  glass  substrates  and  dried  in 
an  oven  at  80  °C  for  17  h.  The  membranes  were  converted  to  an 
acid  form  by  immersing  them  in  1  M  hydrochloric  acid  for  2  days, 
followed  by  immersion  in  deionized  water  for  2  days.  Thickness 
was  measured  by  micrometer  screw  gauge  at  ambient  condition, 
and  the  membranes  of  30  p,m  (±2  f±m)  in  thickness  was  used.  The 
IEC  values  of  the  membranes  were  determined  by  a  back  titration 
method  monitored  by  a  pH  meter. 

2.2.  Water  uptake  and  proton  conductivity  measurement 

The  water  uptake  of  each  membrane  was  determined  gravimet- 
rically  by  using  an  IGAsorp  (Hiden  Isochema).  The  membranes  were 
dried  at  80  °C  in  a  dry  nitrogen  gas  flow  for  at  least  5  h,  and  then 
equilibrated  at  the  specified  RH  for  at  least  30  min  before  the  mea¬ 
surement.  The  water  uptake  of  the  membranes  was  calculated  as 


Wwet  —  Wdrv 

Water  uptake  (%)  = - — - -  x  100 

H'dry 

where  Wwet  and  Wdry  are  the  weights  of  wet  and  dry  membranes, 
respectively. 

Proton  conductivity  at  80  °C  under  partially  hydrated  con¬ 
ditions  was  measured  in  a  window  cell  geometry  using  a 
Solartron  1260  Impedance/Gain-Phase  Analyzer  over  the  frequency 
range  of  10  Hz  to  1  MHz.  Membranes  were  equilibrated  in  a 
humidity-temperature  oven  (TH  203 HA,  ETAC)  at  the  specified  RH 
and  temperature  for  at  least  30  min  before  the  measurement.  Pro¬ 
ton  conductivity  of  each  sample  was  calculated  from  dry  membrane 
thickness  and  membrane  resistance  taken  at  the  frequency  that 
produced  the  minimum  imaginary  response. 

2.3.  Proton  conduction  imaging  by  AFM 

AC-mode  AFM  and  proton  conduction  images  were  obtained 
using  a  JSPM-5400  scanning  probe  microscope  (Nihon  Denshi)  with 
a  humidity  control  unit  [8,9].  A  Pt-coated  cantilever  (NSC05/Pt_20, 
NT-MDT)  with  a  force  constant  of  12  Nm-1  and  a  resonance  fre¬ 
quency  of  250  kHz  was  used.  A  membrane  sample  was  placed  on  a 
gold-plated  conductive  sample  stage  with  Nafion  dispersion  (DE- 
2020,  DuPont)  as  adhesives.  Before  AFM  observation,  a  sample  was 
placed  in  a  humidity  controlled  chamber  for  at  least  1  h.  A  bias 
voltage  of  -1.6  V  was  applied  to  the  sample  stage  during  the  obser¬ 
vation.  All  the  topography,  phase,  and  proton  conduction  images 
were  simultaneously  collected. 

Calculation  of  CAR  was  carried  out  using  Win-Spmll  Process¬ 
ing  software  (Nihon  Denshi).  A 10%  of  the  maximum  current  value 
detected  in  a  1  p,m  scan  box  was  used  as  threshold.  An  average  value 
of  two  different  scan  areas  was  obtained  for  each  sample. 

2.4.  Single  fuel  cell  test 

Membrane  electrode  assemblies  (MEAs)  were  prepared  accord¬ 
ing  to  the  following  procedure:  each  membrane  was  conditioned 
under  100%  RH  for  24  h  at  room  temperature  and  then  assembled 
with  commercial  gas  diffusion  electrodes  (ELE0072:  HiSPEC9100 
catalyst  coated  on  TGP-H-060  carbon  paper  substrate  with  perflu- 
orosulfonic  acid  ionomer,  Johnson-Matthey)  at  130  °C  for  10  min 
under  a  pressure  of  4  MPa.  The  active  area  was  25  cm2,  and  Pt  cata¬ 
lyst  loading  was  0.4  mg  cm-2  for  both  sides.  An  MEA  was  assembled 
in  a  single  cell  between  bipolar  plates  made  of  graphite  with  ser¬ 
pentine  flow  channels  and  gaskets  made  of  silicone  rubber. 

A  single  fuel  cell  test  fed  by  hydrogen  (H2)/oxygen  (02)  or  H2/air 
was  conducted  at  a  cell  temperature  of  80  °C  under  two  humidity 
conditions,  100%  for  H2/02  and  30%  for  H2/air.  The  stoichiometric 
ratio  (SR)  was  1.5/2.0  (anode/cathode).  During  the  test,  the  current 
density  (A cm-2),  cell  voltage  (V)  and  high-frequency  resistance 
(HFR,  m£2  cm2)  were  obtained. 
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(b)  Random  copolymer 


Fig.  1.  Chemical  structures  of  (a)  BPSHx-BPSx  and  (b)  random  copolymers. 
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Table  1 

Properties  of  BPSHx-BPSx  and  random  copolymer. 


Sample 

Block  length  (g  mol-1 ) 

IECa  (mequiv.g-1) 

Water  uptake5  (wt.%) 

Proton  conductivity5  (mS  cm-1 ) 

BPSH3-BPS3 

3000 

1.45 

28 

76 

BPSH5-BPS5 

5000 

1.42 

27 

119 

BPSH7-BPS7 

7000 

1.45 

30 

130 

BPSH10-BPS10 

10000 

1.49 

33 

131 

Random 

1.43 

24 

40 

a  Measured  by  back-titration. 
b  In-plane  direction,  measured  at  80  °C,  90%  RH. 


3.  Results  and  discussion 

3  A.  Membrane  properties 

Typical  properties  such  as  the  ion-exchange  capacity  (IEC)  and 
proton  conductivities  of  the  membranes  are  summarized  in  Table  1. 
As  the  results  in  Fig.  2  indicate,  the  block  copolymers  clearly  showed 
higher  proton  conductivity  than  the  random  copolymer  at  all  RH 
conditions.  The  longer  block  length  apparently  achieved  higher  pro¬ 
ton  conductivity,  in  spite  of  there  being  no  distinct  difference  in 
either  the  IEC  or  water  uptake  among  all  the  samples.  Therefore,  the 
difference  in  proton  conductivity  was  ascribed  to  the  microphase- 
separated  structure,  as  previously  reported  [7].  In  this  paper,  only 
the  in-plane  proton  conductivities  were  presented,  but  the  through- 
plane  direction  measurements  were  also  conducted.  However,  no 
significant  anisotropy  of  the  proton  conductivity  between  those  two 
directions  was  found. 

3.2.  Proton  conduction  imaging  by  e-AFM 

The  e-AFM  method  was  used  to  investigate  the  microphase- 
separated  surface  structure  of  the  multiblock  and  random 
copolymer  membranes.  This  method  makes  it  possible  to  dis¬ 
tinguish  the  active  proton  conductive  regions  of  the  membrane 
surface  by  simultaneously  collecting  the  topographic,  phase,  and 
proton  conduction  images  with  high  resolution  [8,9].  The  images 
shown  in  Fig.  3  clearly  revealed  that  the  surface  patterns  reflect¬ 
ing  the  hydrophilic/hydrophobic  microphase  separation  strongly 
depended  on  the  block  length  of  the  copolymer;  the  morpholog¬ 
ical  features  of  the  surface  became  more  obvious  as  the  block 
length  increased.  In  BPSH10-BPS10,  having  the  longest  block  length, 
many  large  projected  domains  with  a  worm-like  shape  were  clearly 
distinguished  on  the  air-side  surface,  and  proton  conduction  was 
detected  at  the  exact  same  position  as  these  domains  (Fig.  3e,  j,  and 
o).  Thus  they  were  assumed  to  be  composed  of  swollen  hydrophilic 
(rich)  domains  and  connected  in  the  bulk  of  the  membrane,  even 
though  they  appeared  to  be  isolated  from  each  other  on  the  surface. 


Fig.  2.  Proton  conductivity  of  BPSHx-BPSx  and  random  copolymers  at  80  °C. 


Non-conductive  regions  considered  to  be  hydrophobic  domains 
were  clearly  seen  between  these  hydrophilic  domains,  and  it  was 
observed  that  hydrophilic/hydrophobic  phase  separation  was  dis¬ 
tinctly  developed. 

However,  these  morphological  features  seen  in  the 
BPSH10-BPS10  membrane  gradually  disappeared  as  the  block 
length  decreased.  In  BPSH7-BPS7,  the  proton  conductive 
region  became  shorter  and  narrower  compared  with  that  of 
BPSH10-BPS10,  and  each  conductive  region  appeared  to  be  less 
separated  (Fig.  3n  and  s).  The  surface  morphologies  of  both  the 
BPSH5-BPS5  and  BPSH3-BPS3  membranes  were  more  clearly 
different  from  that  of  BPSH10-BPS10;  they  were  composed  of 
small  spherical  grains  instead  of  worm-like  domains,  and  proton 
conduction  was  detected  over  almost  the  entire  surface,  not  only 
at  the  projected  domains  but  also  at  the  non-projected  regions.  In 
addition,  the  contrast  of  the  conductive  regions  of  the  BPSH5-BPS5 
and  BPSH3-BPS3  was  not  uniform  for  each  spot  (Fig.  31  and  m). 
The  contrast  in  an  image  indicates  the  current  value  detected  at 
each  spot  and  presumably  reflects  the  conductivity  of  the  spot 
especially  near  the  surface.  Therefore,  the  nonuniform  contrast  of 
the  image  implies  the  heterogeneity  of  proton  conductivity  in  each 
domain.  Such  phenomena  are  ascribable  to  the  different  level  of 
the  microphase  separation  which  depended  on  the  block  length. 
The  microphase  separation  of  BPSH3-BPS3  and  BPSH5-BPS5  with 
shorter  block  lengths  was  probably  less  well-developed  than  that 
of  BPSH7-BPS7  and  BPSH10-BPS10.  Thus,  along  with  the  well- 
developed  hydrophilic  domains,  many  hydrophilic/hydrophobic 
non-separated  (or  mixed)  domains  formed  on  the  surface  and 
worked  as  weak  proton  conductive  regions.  For  longer  blocks, 
such  incompletely  phase-separated  domains  were  not  observed  at 
least  on  the  surface  because  their  phase  separation  was  sharply 
developed.  These  results  agreed  with  the  proton  conductivity 
values  (Fig.  2).  The  sharply  developed  phase  separation  seen  in 
BPSH10-BPS10  may  have  contributed  to  make  proton  conduction 
superior  to  that  for  the  incompletely  developed  separation  seen 
in  BPSH3-BPS3  and  BPSH5-BPS5.  Here,  it  should  be  noted  that 
the  current  value  observed  in  this  method  is  not  necessarily 
proportional  to  the  proton  conductivity  of  the  bulk  membrane, 
because  it  depends  on  the  sample  conditions  such  as  contact 
between  the  membrane  and  the  stage.  Therefore,  it  is  very  difficult 
to  compare  the  contrast  of  the  images  between  different  samples, 
unlike  comparing  the  contrast  in  one  image. 

The  difference  in  the  surface  morphology  between  the  air-  and 
substrate-side  was  also  noteworthy.  The  substrate-side  surface  of 
the  BPSH7-BPS7  (Fig.  3n)  and  BPSH10-BPS10  (Fig.  3t)  membranes 
showed  a  less  developed  phase-separated  structure  compared  with 
the  air-side  surface.  This  suggests  that  the  phase  separation  was 
determined  not  only  by  the  block  length,  but  also  by  the  cast¬ 
ing  conditions  such  as  the  drying  temperature,  substrate  materials, 
concentration  and  viscosity  of  the  solution,  and  so  on.  On  the  other 
hand,  the  morphological  features  of  each  observed  sample  showed 
no  changes  against  the  RH  changes  between  30%  and  90%.  The 
hydrophilic/hydrophobic  microphase-separated  structure  seems  to 
be  strongly  fixed,  and  allowed  no  further  rearrangements  during 
hydration/dehydration. 
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Fig.  3.  AFM  images  of  BPSHx-BPSx  and  random  copolymer  membranes  at  22  °C,  50%  RH.  (a-e)  Topographic,  (f-j)  phase,  and  (k-t)  proton  conduction  images.  Scan  box 
1  (Jim  x  1  |jim,  bias  voltage  -1.6  V.  Conductive  regions  are  represented  as  dark. 


In  order  to  discuss  the  difference  in  surface  morphology  and 
activity  of  each  membrane  more  quantitatively,  the  CAR  was  deter¬ 
mined  from  the  proton  conduction  images.  The  CAR  indicates  how 
much  of  the  surface  is  covered  by  proton  conductive  regions  that 
are  effectively  connected  through  the  bulk  of  the  membrane.  As 
shown  in  Fig.  4,  the  CAR  roughly  tended  to  decrease  as  the  block 
length  increased.  In  the  BPSH10-BPS10  membrane,  the  CAR  was 
around  50%  for  both  sides,  and  it  was  nearly  the  same  as  the  molar 
ratio  of  the  hydrophilic/hydrophobic  segments.  However,  the  order 
of  the  CAR  for  BPSH5-BPS5  and  BPSH7-BPS7  was  not  consist  with 


the  block  length.  There  might  be  a  threshold  point  between  5000 
and  7000  g  mol-1  that  makes  the  morphological  features  different. 
The  surface  structure  of  the  BPSH5-BPS5  membrane  was  similar  to 
that  of  BPSH3-BPS3,  but  clearly  different  from  that  of  BPSH7-BPS7. 

Note  that  the  membranes  used  in  this  study  were  prepared 
under  exactly  the  same  casting  procedure  and  conditions,  which 
were  not  ideally  designed  for  each  copolymer.  Therefore,  there 
is  no  assurance  that  the  results  described  above  concerning  the 
membrane  properties  and  surface  structure  would  be  obtained  for 
different  casting  procedures  and  conditions. 
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Fig.  4.  Comparison  of  the  conductive  area  ratio  (CAR)  of  BPSHx-BPSx  membranes. 


3.3.  Fuel  cell  performance 

To  investigate  the  effect  of  the  block  length  of  the  multiblock 
copolymer  on  fuel  cell  performance,  a  series  of  BPSx-BPSHx  block 
copolymers  and  the  random  copolymer  were  examined  under  fully 
humidified  (Fig.  5a)  and  low  RH  (Fig.  5b)  conditions.  For  the  fully 
humidified  condition,  almost  the  same  I-V  curves  were  obtained 
for  all  samples.  However,  a  significant  difference  in  HFR,  which 
signifies  the  total  cell  resistance  value,  was  observed  between  the 
membranes,  and  the  order  of  the  HFR  values  was  not  in  agreement 
with  that  of  the  proton  conductivities.  Surprisingly,  the  HFR  value 
of  BPSH10-BPS10  was  the  largest  in  spite  of  its  highest  proton  con¬ 
ductivity;  this  membrane  was  expected  to  exhibit  the  lowest  HRF 
value  of  all.  The  cell  performance  under  the  low  RH  condition  was 
markedly  more  different  between  the  membranes;  BPSH10-BPS10 
with  the  longest  sequence  showed  poorer  performance  than  any 
of  the  other  multiblock  copolymers.  Those  differences  in  fuel  cell 
performance  cannot  be  explained  by  the  difference  in  proton  con¬ 
ductivity,  so  it  is  inferred  that  there  were  other  factors  that  were 
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Fig.  5.  Fuel  cell  performance  of  BPSHx-BPSx  and  random  copolymers:  (a)  fully  hydrated  condition  and  (b)  low  RH  condition. 


Table  2 

Contribution  of  cell  resistance. 


Sample 

CAR3 

Resistance  at  100%  RHb  (m£2cm2) 

HFR  ^memd 

^non-mem 

HFR  at  30%  RHC  (mQ  cm2) 

BPSH3-BPS3 

0.84 

91 

39 

52 

80 

BPSH5-BPS5 

0.67 

95 

25 

70 

183 

BPSH7-BPS7 

0.76 

77 

23 

54 

132 

BPSH10-BPS10 

0.52 

111 

23 

88 

247 

a  Average  of  air-  and  substrate-sides. 
b  H2/02,  100%  RH. 
c  H2/air,  30%  RH. 

d  Calculate  from  proton  conductivity  at  90%  RH. 


not  considered.  In  order  to  improve  the  membranes  and/or  MEAs, 
it  is  essential  to  understand  such  factors,  which  might  be  the  key 
determinants  of  fuel  cell  performance. 

The  contribution  of  the  resistance  components  calculated  from 
the  proton  conductivity  of  the  membrane  and  the  HFR  value  for 
each  sample  is  shown  in  Table  2.  To  simplify  the  calculation,  cell 
resistance  was  divided  into  two  components:  the  membrane  resis¬ 
tance  (Rmem)  calculated  from  the  proton  conductivity  at  90%  RH  and 
the  membrane  thickness  (30  p,m),  and  the  non-membrane  resis¬ 
tance  (Rnon-mem)  which  was  defined  as  the  difference  between  HFR 
and  Rmem-  The  contribution  of  the  total  cell  resistance  differed 
considerably  among  the  samples,  and  a  membrane  with  a  higher 
HFR  value  showed  a  higher  Rnon-mem-  For  example,  BPSH10-BPS10 
showed  a  value  of  88  m£2  cm2,  while  BPSH3-BPS3  showed  a  value 
of  52m£2cm2.  Interestingly,  the  Rnon-mem  values  changed  in  par¬ 
allel  with  the  surface  morphology  of  the  membrane,  although  no 
distinct  correlation  was  seen  with  either  the  block  length  or  pro¬ 
ton  conductivity  (Fig.  6).  A  relation  between  the  CAR  determined 


from  the  proton  conduction  images  and  Rnon-mem  was  clearly  seen: 
Rnon-mem  increased  as  the  CAR  of  the  membrane  surface  decreased. 
Note  that  the  CAR  values  used  here  were  determined  from  the  pro¬ 
ton  conduction  images  obtained  at  50%  RH,  but  they  were  nearly 
constant  against  the  RH  changes  from  30%  to  90%,  as  mentioned  in 
the  previous  section. 

According  to  Pivovar  and  Kim,  the  Rnon-mem  discussed  in  this 
paper  is  thought  to  include  electronic  resistance  (such  as  that  of 
the  gas  diffusion  layer,  separator,  current  collector,  and  so  on)  and 
the  interfacial  resistance  between  the  membrane  and  the  cata¬ 
lyst  layer  [12].  In  this  study,  electronic  resistance  was  considered 
to  be  equal  among  the  samples,  so  the  difference  in  Rnon-mem  is 
only  ascribable  to  the  interfacial  resistance  between  the  membrane 
and  the  catalyst  layer.  It  is  quite  reasonable  for  a  membrane  with 
a  lower  CAR  to  show  higher  interfacial  resistance  because  of  the 
lack  of  efficient  connections  of  the  proton  conductive  networks 
at  the  boundary  between  the  membrane  and  the  catalyst  layer 
[13].  As  the  CAR  decreased,  which  means  the  increments  of  the 
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Fig.  6.  (a)  Non-membrane  resistance  under  fully  hydrated  condition  and  (b)  HFR  at  low  RH  condition  versus  CAR. 
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non-conductive  regions  on  the  surface,  the  probability  of  contact 
between  the  conductive  regions  of  the  membrane  and  the  ionomer 
in  the  catalyst  layer  decreased.  The  proton  transfer  at  the  interface 
must  be  strongly  restricted  due  to  the  decrements  of  conductive 
paths,  and  it  makes  the  overall  resistance  between  the  membrane 
and  the  electrode  high  even  if  the  contact  resistance  between  each 
contacted  region  is  small. 

Such  inactive  hydrophobic-rich  areas  presumably  affected  not 
only  proton  conduction  but  also  mass  transfer  (e.g.  that  of  water)  at 
the  membrane-electrode  interface.  Fuel  cell  performance  under  the 
low  RH  condition  indicated  that  the  HFR  value  of  each  membrane 
was  much  lower  than  the  Rmem  expected  from  the  proton  conduc¬ 
tivities  (Fig.  5b).  This  result  may  indicate  that  the  membrane  inside 
the  MEA  was  much  more  hydrated  due  to  the  absorption  of  the 
water  generated  during  the  test;  thus  the  order  of  the  FIFR  values 
might  reflect  the  ability  of  water  to  move  at  the  interface.  Mem¬ 
branes  with  a  higher  CAR,  such  as  BPSFI3-BPS3  and  BPSFI7-BPS7, 
probably  absorbed  the  product  water  rapidly  and  efficiently  due 
to  the  hydrophilic-rich  surface,  resulting  in  lower  membrane  resis¬ 
tance.  In  contrast,  since  approximately  50%  of  the  surface  of  the 
BPSFI10-BPS10  membrane  was  covered  by  hydrophobic  inactive 
regions,  the  movement  of  the  product  water  may  have  been  strongly 
restricted.  Of  course,  it  is  very  difficult  to  predict  the  fuel  cell 
performance  only  from  the  HFR  value  because  it  is  quite  compli¬ 
cated  especially  at  low  RH  condition.  Fig.  5b  indicates  that  the 
ohmic  loss  is  not  the  only  reason  for  the  difference  of  the  fuel 
cell  performances.  However,  it  must  be  emphasized  that  CAR  is  the 
predominant  factor  to  the  HFR  value. 

4.  Conclusion 

The  correlation  between  the  hydrophilic/hydrophobic  block 
length  and  fuel  cell  performance  was  investigated  using 
BPSHx-BPSx  multiblock  copolymer  systems.  As  the  block  length 
increased,  proton  conductivity  increased  under  all  the  RH  con¬ 
ditions,  due  to  the  sharply  developed  microphase-separated 
structure  that  was  identified  by  AFM.  In  contrast,  the  order  of  fuel 
cell  performance  was  not  consistent  with  the  block  length.  Non¬ 
membrane  resistance,  including  interfacial  resistance  between 
the  membrane  and  the  electrode,  was  found  to  increase  with  a 
decreasing  CAR  estimated  from  the  proton  conduction  images. 

For  multiblock  copolymers,  such  a  phase-separated  structure  is 
useful  in  enhancing  proton  conductivity  without  increasing  water 
uptake  or  swelling,  but  it  sometimes  affects  the  (interfacial)  con¬ 


nection  with  the  electrode.  That  is  due  to  an  increase  in  the 
non-conductive  surface  area  that  might  act  as  barrier  to  mass  trans¬ 
fer.  A  more  detailed  study  on  the  mechanism  of  the  surface  pattern 
formation  and  optimization  of  the  casting  conditions  is  needed  to 
improve  the  surface  morphology.  An  evaluation  of  the  CAR  would 
be  a  good  indicator  of  membrane  improvement. 

Finally,  it  was  found  that  proton  conductivity  is  a  useful  prop¬ 
erty  for  PEM  evaluation,  but  it  does  not  directly  ensure  the  desired 
fuel  cell  performance  due  to  the  lack  of  information  about  the 
interfacial  connection,  especially  in  the  in-plane  direction  mea¬ 
surement.  Through-plane  proton  conductivity  measurement  would 
be  a  better  tool  for  understanding  fuel  cell  performance  more 
precisely,  even  though  it  has  still  a  room  for  improvement  in  repro¬ 
ducibility  and  reliability.  We  are  trying  to  measure  and  analyze  the 
through-plane  conductivities  of  the  multiblock  copolymers  with 
newly  designed  apparatus  and  it  will  be  published  elsewhere. 
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